In Brief
Using live imaging of Xenopus laevis gastrula embryos, Higashi et al. characterize how epithelial cells maintain tight and adherens junctions during cytokinesis and how new tricellular tight junctions form after division, demonstrating that cell-cell junctions at the cleavage furrow are stabilized and reinforced in a vinculin-dependent manner.
INTRODUCTION
Polarized epithelial cells make epithelial sheets and maintain tissue homeostasis by serving as barriers that separate distinct compartments in the body. Cells in epithelial sheets exhibit high rates of turnover, and the number of dying cells must be balanced by the number of dividing cells [1] . Remarkably, epithelial cells maintain barrier function even as they undergo major shape changes during cell division, extrusion, or intercalation [2] . Cell-cell junctions are essential for maintaining epithelial integrity and barrier function of epithelial sheets during homeostasis and morphogenesis.
The vertebrate apical junctional complex consists of tight junctions (TJs), adherens junctions (AJs), and desmosomes [3] [4] [5] . Connections to the actomyosin cytoskeleton are important for the structural integrity and regulation of both TJs and AJs [6] .
TJs seal the intercellular spaces between adjacent cells and form a selective, regulated barrier. TJs consist of claudin-mediated TJ strands [7] and cytoplasmic plaque proteins, including ZO-1, which bind to the cytoplasmic tail of claudins [8] and link TJs to actin. A specialized type of TJ, the tricellular tight junction (tTJ), forms at vertices where three cells come together and is comprised of two known unique protein components in vertebrate epithelial cells: Tricellulin and angulin family proteins [9] [10] [11] . AJs mediate cell-cell adhesion and are important for epithelial tissue integrity, which is challenged when cells undergo shape changes [12] . AJ structure is dependent upon E-cadherin; its extracellular domain mediates strong adhesion between adjacent cells, whereas its cytoplasmic tail is associated with the cytoplasmic plaque proteins b-catenin and a-catenin [13, 14] . AJs can be linked to actin via a-catenin [15] , as well other proteins, some of which help reinforce cell adhesion against mechanical stress [16] [17] [18] [19] .
Until recently, cell-cell junctions were considered stable, heavily crosslinked structures. However, fluorescence recovery after photobleaching (FRAP) experiments in cultured epithelial cells demonstrated that, whereas overall junction structure is maintained at steady state, individual TJ and AJ proteins are, in fact, highly dynamic [20] [21] [22] . Importantly, changes in the dynamics of individual junction proteins can regulate epithelial function [23] . This plasticity of cell-cell junction structure is likely important for maintenance of barrier function when cells undergo dramatic shape changes during morphogenesis or cell division.
Cell division helps shape the organization of epithelial tissues by generating a new cell interface and two new cell vertices with each cell division [2, 24] . During cytokinesis, an actomyosinbased contractile ring is formed at the cell equator and generates force to physically separate one cell into two daughter cells [25, 26] . In epithelial cells, both the dividing cell and its neighboring cells undergo drastic shape changes, and accordingly, cell-cell junctions must be dynamically reorganized. Pioneering work using electron or immunofluorescence microscopy in fixed epithelial tissues or cultured epithelial cells reported that cell-cell junctions are maintained throughout cytokinesis [27, 28] . However, junction maintenance and remodeling during cytokinesis has not been investigated in live vertebrate epithelial tissues, and it remains unclear how epithelial cells maintain barrier function and epithelial integrity while at the same time dynamically changing shape during cytokinesis.
In this study, we used live-cell imaging of fluorescently tagged junctional proteins in the epithelium of gastrula-stage Xenopus laevis embryos to investigate how cell-cell junctions, including TJs, tTJs, and AJs, are maintained and remodeled during cytokinesis. Further, we examined how tension generated by the contractile ring affects the stability of AJ proteins and identified a mechanism that strengthens the AJ at the cleavage furrow. Together, these results shed new light on how barrier properties are maintained in proliferating vertebrate epithelial tissues.
RESULTS

Epithelial Barrier Function Is Maintained during Vertebrate Epithelial Cytokinesis
Although it has been suggested that epithelial barrier function is maintained throughout cytokinesis [27, 28] , there has been no direct evidence in live cells. Here, we evaluated the barrier function of an intact epithelial sheet containing dividing cells by using a fluorescent tracer dye penetration assay. Gastrula-stage Xenopus embryos expressing mRFP-ZO-1 and mCherry-H2B as markers for TJs and chromosomes, respectively, were mounted in medium containing fluorescein and imaged using time-lapse confocal microscopy ( Figure 1A) . In dividing cells, fluorescein was restricted to the apical side of the TJ ( Figure 1B ; Movie S1). When the barrier function was disrupted by injecting embryos with EGTA, which chelates Ca 2+ , resulting in AJ disruption and TJ dysfunction [29, 30] , fluorescein breached the TJ, spreading to the basolateral side (Figures 1C and 1D ; Movie S2). These results indicate that epithelial barrier function is maintained throughout cytokinesis. 
AJs and TJs Remain Continuous and Connected to the Contractile Ring during Cytokinesis
To understand how epithelial cells maintain barrier function during cytokinesis, we investigated how TJs are reorganized during cytokinesis by imaging embryos expressing mRFP-ZO-1 and Lifeact-GFP. Lifeact-GFP binds to F-actin and labels both the actomyosin contractile ring and apical actomyosin at cell-cell junctions ( Figure 2A ). Before cytokinesis onset, ZO-1 and F-actin were present at cell-cell junctions surrounding the dividing cell, and cortical actin was visible at the apical surface ( Figure 2A ). The contractile ring formed at the cell equator orthogonal to the junctional plane ( Figure 2A ). Consistent with previous reports of polarized epithelial cell cleavage [27, [31] [32] [33] , the contractile ring ingressed anisotropically from basal to apical. Importantly, TJs remained continuous and appeared to be connected to the contractile ring throughout cytokinesis ( Figure 2A ; Movie S3). We then examined the behavior of AJs during cytokinesis using E-cadherin-(E-cad-) 33GFP as a probe. Notably, AJs were also unbroken and maintained connection to the ingressing contractile ring throughout cytokinesis ( Figure 2B ; Movie S4). We conclude that, in the Xenopus gastrula epithelium, TJs and AJs remain continuous and connected with the contractile ring during cytokinesis, which likely contributes to maintenance of the epithelial barrier function.
AJ Proteins Are Stabilized, and Vinculin Is Recruited to the Cleavage Furrow of Dividing Cells
Although the overall structure of TJs and AJs remains intact during cytokinesis and both junctions appear to be connected to the ingressing contractile ring by fluorescence microscopy ( Figure 2 ), it remained unclear whether the tension generated by the contractile ring affected the dynamics of individual junction proteins.
To answer this question, we compared FRAP curves for the AJ proteins E-cadherin (E-cad-33mChe) and b-catenin (b-catenin-GFP) and the TJ proteins Claudin-6 (mCherry-Claudin-6) and ZO-1 (mRFP-ZO-1) in interphase cells and dividing cells at both the cleavage furrow and a polar region ( Figures 3A and  S1A ). There were no significant differences in FRAP between interphase cells and the polar region of cells undergoing cytokinesis, indicating that junction protein dynamics are not globally changed in dividing cells ( Figures 3B-3F and S1). Notably, the mobile fraction for E-cadherin was significantly reduced at the cleavage furrow compared with the polar region (41.0% ± 2.2% versus 73.2% ± 2.6%, respectively; Figures 3B and 3C ), indicating that E-cadherin is stabilized at the cleavage furrow. Similar results were observed for b-catenin; the mobile fraction was strongly reduced at the cleavage furrow compared with the polar region (39.5% ± 4.4% versus 62.4% ± 2.0%, respectively; Figure 3D ). In contrast to the AJ proteins, the mobile fractions of Claudin-6 and ZO-1 were unchanged at the cleavage furrow compared with the polar region (claudin, 39.8% ± 3.3% versus 34.6% ± 2.0%; ZO-1, 67.9% ± 0.7% versus 70.9% ± 2.0%; Figures 3E, 3F , and S1). Our finding that AJ proteins are stabilized at the furrow during cytokinesis is consistent with previous studies showing that AJ proteins are stabilized under high tension and are more dynamic under reduced tension [13, 34, 35] . We tested this idea in Xenopus embryos by using pharmacological approaches to globally increase or decrease tension ( Figure S2 ). Interphase cells in embryos treated with the phosphatase inhibitor calyculin A, which increases tension [36, 37] , exhibited stabilized junctional E-cadherin compared to controls (mobile fraction, 56.1% ± 3.4% versus 73.5% ± 3.1%; Figure S2A ). ZO-1 was stabilized in cells treated with calyculin A (mobile fraction, 62.8% ± 1.0% versus 75.5% ± 1.2%; Figure S2D ), but not at the furrow ( Figure 3F ), indicating that tension from the ingressing contractile ring is transmitted primarily to the AJ not the TJ. To reduce tension generated by the contractile ring, we injected embryos with the Rock inhibitor Y-27632 [38] . E-cadherin was more dynamic at the cleavage furrow in Y-27632-treated cells compared to controls (mobile fraction, 59.3% ± 4.0% versus 40.3% ± 2.0%; Figure S2B) . Treatment with the same concentration of Y-27632 did not affect E-cadherin dynamics in interphase cells compared to controls (mobile fraction, 80.2% ± 2.3% versus 80.5% ± 1.1%; Figure S2C ).
The AJ protein a-catenin is known to act as a tension transducer that senses increased junctional tension generated by pulling forces from adjacent cells and responds by strengthening the junction [13, 16] . High tension induces a conformational change in a-catenin and recruitment of Vinculin to AJs [13] . Therefore, we tested whether fluorescently tagged Vinculin is recruited in response to increased junctional tension generated during cytokinesis. Vinculin-33GFP was significantly increased specifically at the cleavage furrow ( Figures 3G, 3H , and S2H-S2J), whereas the intensity of a membrane marker (Figures 3G, 3H, and S2G) or a-catenin (Figures S2I, S2K, and S2L) was not. To confirm that Vinculin-33GFP is recruited to AJs in response to increased tension, we increased junctional tension globally in two ways. First, embryos treated with calyculin A exhibited an $2-fold increase in Vinculin-33GFP recruitment to junctions, whereas the intensity of E-cad-33mCherry was unchanged ( Figure S2E ). Second, upon addition of ATP, which also increases contractility [39, 40] , the embryo exhibited contraction within 60 s and a significant increase ($3-fold) in the intensity of Vinculin-33GFP at junctions within minutes ( Figure S2F ). Together, these results suggest that elevated tension reinforces AJs connected to the contractile ring by increasing the stability of individual AJ proteins and recruiting Vinculin to the cleavage furrow.
Dominant-Negative Vinculin Abolishes Cell-Cell Junction Reinforcement at the Cleavage Furrow and Accelerates Ingression
To test how reinforcement of AJs at the cleavage furrow, in turn, affects the process of cytokinesis, we perturbed Vinculin-mediated AJ strengthening. For this purpose, we developed a dominant-negative Vinculin. Vinculin is localized at AJs through interaction of its N-terminal D1 domain with a-catenin under tension, and Vinculin recruits F-actin through its C-terminal D5 domain ( Figure 4A ) [41, 42] . We predicted that overexpression of the D1 domain alone, which localizes at AJs ( Figure S3D ), would competitively interfere with recruitment of full-length Vinculin to AJs and might abolish tension-mediated reinforcement of AJs. We tested the dominant-negative effect of Vinculin D1 by expressing full-length Vinculin-33GFP uniformly and untagged Vinculin D1 with an injection marker in a mosaic manner. As predicted, the localization of Vinculin-33GFP at both bicellular and tricellular junctions was drastically reduced in Vinculin-D1-expressing cells ( Figure 4B ). The recruitment of Vinculin-33GFP to the cleavage furrow in dividing cells was also abolished when the cell neighboring the cleavage plane expressed Vinculin D1 ( Figure 4C ).
We examined the effect of Vinculin D1 on the behavior of AJs and TJs during cytokinesis by imaging embryos co-expressing E-cad-33GFP and mRFP-ZO-1 ( Figure 4 ; Movie S5 (legend continued on next page) cells, signal intensity for both AJs and TJs was maintained at the cleavage furrow throughout cytokinesis ( Figures 4D, 4D 0 , and S3A). In fact, early in cytokinesis (25% ingression), the intensity of ZO-1 and E-cadherin at the cleavage furrow was slightly but significantly increased compared with a polar region (Figure 4H) . In contrast, signal for both AJs and TJs was reduced at the cleavage furrow in Vinculin-D1-expressing cells ( Figures  4E, 4E 0 , 4I, and S3E), suggesting that inhibition of Vinculin localization abolishes the reinforcement of AJs at the cleavage furrow. Furthermore, Vinculin-D1-expressing cells ingressed much faster than control cells ( Figures 4F and 4G) , likely due to a lack of counteracting force from the cells neighboring the cleavage furrow. These data indicate that Vinculin-mediated AJ reinforcement is involved in maintenance of both AJs and TJs at the cleavage furrow of dividing cells.
Co-imaging of E-cad-33GFP and mRFP-ZO-1 during cytokinesis also revealed that the AJ invaginated faster than the TJ, with the TJ completing invagination around 10 min after the AJ ( Figure S3A ). To confirm these results, we also examined GFPClaudin-6 and E-cad-33mCherry-expressing embryos (Figure S3B ). The invagination of Claudin-6 was also delayed compared with invagination of E-cadherin ( Figure S3B ). Likewise, when cells in late cytokinesis were examined by immunofluorescence microscopy, endogenous b-catenin had ingressed farther than ZO-1 ( Figure S3C ). These findings indicate that the AJ completes invagination prior to the TJ.
Two Nascent tTJs Are Formed after Cytokinesis tTJs were originally observed by electron microscopy [43] [44] [45] [46] [47] and are required for the establishment of strong barrier function in vertebrate epithelial and endothelial cells [9] [10] [11] 48] . Here, we investigated for the first time the biogenesis of new tTJs that emerge following cytokinesis. We first examined Tricellulin (also known as Marveld2), a component of tTJs [11] . Immunofluorescence staining showed that Tricellulin is expressed in gastrula-stage embryos and localized to tTJs ( Figure 5A ). GFPTricellulin also localized to tTJs ( Figure 5B ). Live imaging of GFP-Tricellulin and mRFP-ZO-1 revealed that two tTJs emerge-one followed shortly by another-on either end of a new cell-cell interface that forms between the cells formerly neighboring the cleavage plane (neighbor cells), not the two cells that resulted from division (daughter cells; Figures S3A and 5C ; Movie S6).
We next examined the relationship of the new tTJs and the midbody, the structure that connects the two daughter cells at the end of cytokinesis and recruits the proteins that promote abscission [25, 26] . We conducted live imaging of mCherryTricellulin and MgcRacGAP-33GFP (as a midbody marker; MgcRacGAP is also known as Racgap1, CYK-4, or RacGAP50C) [49, 50] and found that the nascent tTJs were located directly on either side of the midbody ( Figure 5D ; Movie S6). Side views revealed that the midbody was located at the apical surface of the daughter cells, consistent with previous reports [51] , and tTJs formed at the basal side of the midbody ( Figure 5D ). Taken together, our results indicate that two new tTJs are formed on either side of the midbody immediately after cytokinesis.
Angulin-1/LSR Recruitment to the New tTJs Precedes Tricellulin Recruitment
To clarify how Tricellulin is recruited to the newly formed tTJs, we examined another tTJ component, angulin. Angulin family proteins are responsible for recruitment of Tricellulin to tTJs in cultured epithelial cells [9, 10] . The angulin family is composed of three members, Angulin-1/Lsr, Angulin-2/Ildr1 and Angulin-3/Ildr2, and each can recruit Tricellulin to tTJs. We identified the Xenopus gene for each angulin family member ( Figures  S4A and S4B ). Semiquantitative RT-PCR analysis revealed that Angulin-1 is abundantly expressed in gastrula-stage embryos, whereas the Angulin-2 expression level was less than one-tenth of Angulin-1, and Angulin-3 was not detected (Figures S4C and  S4D ). Thus, we analyzed Angulin-1 in this study. Immunofluorescence staining revealed that Angulin-1 is expressed and localizes to tTJs in gastrula-stage embryos ( Figure 6A ). In liveimaging experiments, Angulin-1-33GFP was recruited to newly formed tTJs in a similar manner to Tricellulin, with Angulin-1 puncta forming on either side of the new interface formed between neighbor cells following cytokinesis (Figures 6B and 6C ; Movie S7). Angulin-1 recruitment precedes that of Tricellulin for both the first and second tTJ ( Figures 6D-6F and S5 ; Movie S7). We conclude that Angulin-1 is recruited to newly formed cell vertices first, followed by Tricellulin, suggesting that Angulin-1 recruits Tricellulin to tTJs following cytokinesis.
Cell Packing Geometry after Xenopus Epithelial Cytokinesis
In the Xenopus gastrula epithelium, both AJs and TJs are maintained and invaginate with the ingressing contractile ring, and consequently, a new interface forms between cells formerly neighboring the cleavage plane (neighbor cells) immediately following cytokinesis ( Figures S3, S5, and S6 ). In contrast, in Drosophila, AJs exhibit a reduction in E-cadherin at the point where the contractile ring connects to the AJ and become disengaged from the contractile ring, and the new interface forms between daughter cells [31, 52, 53] . This difference in cell geometry following cytokinesis prompted us to analyze whether the new interface between neighbor cells in Xenopus gastrula epithelium is maintained or reorganized over time. To examine this question, we conducted long-term live imaging using mRFP-ZO-1-expressing embryos ( Figure 7A Note that E-cadherin (green) completes invagination (white arrow) before ZO-1 (red) in (D 0 ) and that both E-cadherin and ZO-1 are maintained (D 0 ) or reduced (E 0 ) at ingressing furrow region (yellow arrows). In (E 0 ), two vertices move apart after division (asterisk) because the dividing cell underwent a type I division (see Figure 7) .
(legend continued on next page)
neighbor cells ( Figure 7B ). One hour after cytokinesis completed, we observed three types of cell packing patterns: type I/ daughter interface, type II/four-way junction, and type III/ neighbor interface ( Figure 7B ; naming convention according to Gibson and colleagues) [24] . Half of new junctions had reorganized to daughter interfaces (type I; 52%), and the other half still made interfaces between neighbor cells (type II plus type III; 48%). We examined the behavior of Tricellulin for cells that had reorganized to a type I/daughter interface and found that the two tTJs initially formed at the vertices of the short neighbor interface but reorganized over time to become the two tTJs of a daughter interface ( Figure S6A ; Movie S8). These data provide new information about how cytokinesis contributes to the cell packing pattern observed in developing vertebrate epithelia.
DISCUSSION
Cell-cell junctions are crucial for maintaining tissue integrity and barrier function. Cell division presents a striking example of epithelial remodeling, where the dividing cell must form a new cell-cell junction after cytokinesis as well as maintain and remodel existing junctions during the major shape changes associated with cytokinesis. TJs and AJs must be stable enough to promote barrier function and tissue integrity during epithelial homeostasis but plastic enough to remodel when necessary. It has been unclear how this balance is achieved during cell division. This study provides novel insights into how epithelial integrity and barrier function are maintained during cytokinesis in vertebrate epithelial tissues ( Figure 7C ). Our results indicate that elevated tension from the contractile ring reinforces the AJs connected to the contractile ring by increasing the stability of individual AJ proteins and recruiting Vinculin to the cleavage furrow. Furthermore, our results show for the first time the process of de novo tTJ formation following cytokinesis; Angulin-1 and then Tricellulin are recruited to the two nascent tTJs that flank the midbody. The data presented here also highlight important differences in how cell-cell junctions are remodeled during epithelial cell division in Xenopus versus Drosophila.
Comparison of Epithelial Cytokinesis in Vertebrates and
Invertebrates Recently, three labs described AJ behaviors during cytokinesis in Drosophila epithelia using live imaging [31, 52, 53] . Notably, the structure and molecular composition of cell-cell junctions is distinct between vertebrates and invertebrates [3, 4, 54] . Vertebrates, including Xenopus, have TJs and AJs, whereas invertebrates, including Drosophila, have AJs and septate junctions [54, 55] , which serve an analogous function to TJs while differing in ultrastructure. Likewise, the ultrastructure of tricellular junctions is distinct between vertebrates and Drosophila [56] . We identified a number of striking differences in Xenopus epithelial cytokinesis compared with Drosophila. First, AJs and TJs are maintained throughout cytokinesis and are persistently connected to the contractile ring. In fact, we observed a slight increase in fluorescence intensity of ZO-1 and E-cadherin at the cleavage furrow early in cytokinesis and increased recruitment of Vinculin at the furrow throughout cytokinesis. These observations are in clear contrast to the behaviors of AJs in the Drosophila embryonic epidermal epithelium [31] or the dorsal thorax pupal epithelium [52, 53] (Figure 7C ). In Drosophila epithelial cytokinesis, the AJ exhibits a break or reduction in E-cadherin at the point where the contractile ring connects to the AJ and then becomes disengaged from the contractile ring. In fact, in the embryonic epithelium, a gap appears between the dividing cell and its neighbors [31] . In Xenopus, inhibition of endogenous Vinculin recruitment to AJs at the cleavage furrow by expressing dominant-negative Vinculin resulted in the reduction of both AJ and TJ proteins at the cleavage furrow, mimicking the reduction of AJs observed in Drosophila epithelial cytokinesis. The differences observed between the systems may arise from a unique AJ reinforcement mechanism present in the vertebrate epithelium. Notably, the Drosophila Vinculin gene is dispensable [57] , whereas vinculin knockout mice have severe defects in heart and brain development, leading to embryonic lethality [58] . It is possible that the AJ-reinforcing function of Vinculin may only be important in vertebrates, although further studies are required to directly test the function of Vinculin at AJs in Drosophila.
Epithelial Cell Packing Geometry
Both the orientation of cell division and the geometry of the resulting daughter cells are important determinants for cell packing patterns and for shaping epithelial tissues [24, [59] [60] [61] . Our studies revealed a difference in cell geometry following cytokinesis between Xenopus and Drosophila epithelia. After completion of cytokinesis in Xenopus epithelia, new junctions initially form between neighbor cells; subsequently, about half of these remodel to daughter interfaces over time. In contrast, in Drosophila, new AJs form almost exclusively between daughter cells [24, 31, 52, 53, 59, 62] . This difference could be due to a number of factors, including the distinct structure and molecular components of the junctions, differences in cortical or junctional tension, or differing requirements for barrier function. Previous studies in vertebrates have demonstrated that cells neighboring the cleavage furrow can intercalate between the recently divided cells [27, 63] . This is consistent with our observations that cells initially form a short interface between neighbors, and even 1 hr after cytokinesis, many daughter cells are still separated by neighbor cells. Interestingly, it was recently reported in chick embryos that cell geometry after cytokinesis changes over the course of development and cell-division-mediated epithelial cell rearrangements are important for proper gastrulation movements [64] . We propose that the observed differences in cell geometry and adhesive contacts following cell division could have implications on how epithelial tissue growth proceeds in Xenopus versus Drosophila. This will be an interesting question to pursue in future experimental and mathematical modeling studies. 
Mechanics of Cytokinesis
Cytokinesis is driven by the assembly and constriction of an actomyosin contractile ring. We investigated the impact of mechanical force generated by the contractile ring on junction protein dynamics. Our FRAP data indicate that the AJs at the cleavage furrow respond to increased tension generated by the contractile ring by locally stabilizing E-cadherin and b-catenin. Furthermore, perturbation of Vinculin-dependent AJ reinforcement by expressing dominant-negative Vinculin significantly increased the ingression rate of contractile rings. This suggests that cells neighboring the cleavage furrow provide counteracting tension to the force generated by the contractile ring, which is transmitted through the reinforced AJs at the cleavage furrow. Therefore, local strengthening of the AJ may be important for maintaining an adhesive connection as the neighbor cells are pulled in by the ingressing contractile ring. Nascent tTJ Formation following Cytokinesis tTJs are important for the maintenance of barrier function [11] and were recently implicated in determining of spindle orientation in the Drosophila epithelium [65] . In this study, we observed tTJ biogenesis following cytokinesis for the first time using Angulin-1 and Tricellulin as probes. Angulin-1 accumulated first, forming two foci located on either side of the midbody, and Tricellulin accumulated after Angulin-1 at each of the foci. These results suggest that Angulin-1 initiates tTJ formation at the end of cytokinesis. This timing of recruitment is consistent with previous observations in cultured cell lines, indicating that angulin family proteins are responsible for Tricellulin recruitment to tTJs [9, 10] . However, it remains unknown how the angulin proteins recognize and accumulate at the points where new tTJs should be established. It is also intriguing that one tTJ forms before the other.
Taken together, our data provide novel insights into how epithelial integrity and barrier function are maintained throughout cytokinesis in a vertebrate epithelial tissue. Our results highlight important differences in how cell-cell junctions are remodeled during cell division in the vertebrate Xenopus versus Drosophila, and they reveal for the first time how new tTJs are born following cytokinesis. This work also raises multiple questions for future studies. For example, it will be important to examine whether the Xenopus-type division described here is common in other vertebrate epithelial tissues, both developing and adult tissues. Specifically, it will be interesting to test epithelial tissues that represent different physical cellular properties, such as junctional tension, to determine whether junctions are maintained or disengaged at the furrow, the impact of contractile ring mechanics on individual junction protein dynamics, and the effect on cytokinesis success. Finally, how tTJs are reorganized during cell shape changes or morphogenetic movements and how the angulin proteins recognize and accumulate at the points where new tTJs should be established are fascinating questions.
EXPERIMENTAL PROCEDURES
Xenopus Embryos and Microinjection
All studies conducted using Xenopus embryos strictly adhered to the compliance standards of the US Department of Health and Human Services Guide for the Care and Use of Laboratory Animals and were approved by the University of Michigan's Institutional Animal Care and Use Committee. Xenopus embryos were collected, in vitro fertilized, de-jellied, and microinjected with mRNAs for fluorescent probes using methods described previously [49, 66] . Embryos were injected at either the two-cell or the four-cell stage and allowed to develop to gastrula stage (Nieuwkoop and Faber stages 10 to 11).
Barrier Assay Gastrula-stage embryos expressing mRFP-ZO-1 and/or mCherry-H2B were mounted in 10 mM fluorescein (332 Da) and observed. As positive control of barrier failure, embryos were injected with 5 nl of 100 mM EGTA in 0.13 Marc's modified Ringer's (MMR) into the blastocoel and observed after 30 min.
Immunostaining Gastrula-stage albino embryos were immunostained by methods described previously [49, 66] with the following changes: embryos were fixed with 2% TCA (for staining of b-catenin and ZO-1) or 2% formaldehyde (for staining of Tricellulin, Angulin-1, and ZO-1) in 13 PBS for 2 hr, permeabilized with 2% Triton X-100 in PBS for 20 min, and blocked in Tris-buffered saline (50 mM Tris and 150 mM NaCl [pH 7.4]) containing 10% fetal bovine serum (10082-139; Invitrogen) for 1 or 2 hr at room temperature. See Supplemental Experimental Procedures for primary and secondary antibodies. Embryos were incubated with 10 mg/ml DAPI (D1306; Life Technologies) and mounted in Vectashield mounting medium (H-1000; Vector Laboratories).
Live and Fixed Confocal Microscopy
Fluorescent confocal images were collected on an inverted Olympus Fluoview 1000 microscope equipped with a 603 supercorrected PLAPON 60XOSC objective (numerical aperture [NA] = 1.4; working distance = 0.12 mm) and FV10-ASW software. Live and fixed imaging was carried out as described previously [49, 66] .
FRAP FRAP was performed on gastrula-stage albino embryos using the microscope described above. A 405-nm laser was pulsed in a circular region of interest (ROI) (35% laser power; 600 ms; diameter of 7.8 mm) to bleach junction proteins of interphase cells or the cleavage furrow or polar region of dividing cells. In dividing cells, bleaching was performed once the cleavage furrow was apparent, at $10%-25% ingression. The apical surface (3 mm deep) of the embryos was imaged for all experiments. This allowed the tracking of the apical region of the cleavage furrow in the Z direction during cytokinesis.
Statistical Analysis
A two-tailed paired Student's t test was used for statistical analysis unless otherwise specified. Statistical analysis of FRAP data was performed in GraphPad Prism version 6 (GraphPad Software). E-cadherin data were fit with a double exponential curve to derive the fast and slow halftime of recovery for FRAP (t 1/2 ) and the plateau/mobile fraction. A single exponential curve was fit to data for b-catenin, Claudin-6, and ZO-1 to derive the t 1/2 and the plateau/mobile fraction. Curves were constrained to y = 0 and the plateau to be less than 1. An unpaired Student's t test with Welch's correction was used for statistical analysis, and data R1.1 or %À0.1 were removed from statistical analysis. 
